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Foreword 
It is estimated that as much as 30 cents, or even more, of every highway 
construction dollar is spent on mineral aggregates. The materials engineer 
is thus faced with a grave responsibility to insure that this very substantial 
portion of the total investment is wisely spent. Selection of mineral aggre­
gates suitable for the intended use presents a continuous challenge. His back­
ground of experience with aggregates sources of proven performance may be 
of small avail when he is faced with the necessity of evaluating untried mate­
rials. This necessity is becoming more commonplace as present sources 
are depleted, leading him to seek quick and trustworthy procedures for pre­
dicting service performance of new aggregates. Work reported here is part 
of a continuing effort to provide solutions to the many problems faced in the 
selection of mineral aggregates. 

The first report deals with development of a procedure to determine the 
freeze-thaw behavior of concrete aggregates, using a technique much abbre­
viated as to equipment needs and time for testing when compared with prac­
tices currently employed by many agencies. Concretes containing a variety 
of aggregates were evaluated using conventional freeze-thaw techniques and 
the results compared with the proposed simpler procedure employing an ordi­
nary deep-freeze unit and Whittemore strain gage. The procedure is still un­
der development and gives promise of success by determining either the 
length change vs temperature or length change vs time curve during a single 
freeze. Discussion is offered cautioning that it may be necessary to isolate 
the contribution of the portion of the curve attributable to normal coefficient 
of thermal expansion. The full text of this paper is now available as an In­
terim Report in National Cooperative Highway Research Report No. 12. 

The second report surveys the often overlooked contribution that the petrog­
rapher can provide as a complement to the standard physical acceptance tests 
of concrete aggregates and is written to be valuable to the general interest 
reader who desires background information, as well as to the specialist. A 
petrographer, particularlyone having a background of experience in concrete 
technology, is often able to use his specialized techniques of examination to 
provide valuable explanation of apparent anomalies between predicted and 
actual service behavior. Questions regarding "problem" aggregates may well 
be resolved by the competent petrographer using either cursory methods, ex­
amination with the petrographic microscope, or more advanced techniques. 
The paper gives details on the copper nitrate staining test used for examina­
tion of carbonate rocks. 

Present day high-speed rubber-tired traffic contributes to development of 
dangerously slippery pavement surfaces at some locations. These slippery 
conditions have often been traced to use of carbonate aggregates, limestone 
or dolomite, in the surface course. The third paper reports extensive stud­
ies showing that pavement surfaces containing certain types of carbonate ag­
gregates are not susceptible to polishing. Such aggregates possessing appre­
ciable amounts of insoluble residue of sand size (0.05 to 2.0 mm) display sat­
isfactory skid-resistance. The NCSA Slipperiness Testing Apparatus used 
in the research is described in detail. 
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Identification of Coarse Aggregates That 
Undergo Destructive Volume Changes 
When Frozen in Concrete 
RICHARD D. WALKER 

Associate Professor of Civil Engineering, Virginia Polytechnic Institute, 
Blacksburg, Virginia 

ABRIDGMENT* 

•THE OBJECTIVE of this project was to develop a quick test method to distinguish del­
eterious particles in aggregate and predict their behavior in concrete subjected to 
freezing and thawing. 

Thirty-two different concretes were used to fabricate a total of 281 3- by 3- by 16-
in. specimens. Eight coarse aggregates were used ranging from trap rock and lime­
stone crushed stones to a variety of gravels from glacial and nonglacial sources. Con­
cretes were made from the whole coarse aggregates as well as from certain of their 
individual constituents. 

Most of the concrete specimens were exposed to alternate cycles of freezing and 
thawing while in water in accordance with ASTM test designation C 290-61 T. The 
specimens were measured for length, weight, and dynamic modulus at the end of speci­
fied numbers of cycles. Also, length change measurements were made with a Whitte­
more strain gage at approximately 2-deg intervals during most of the initial freezing­
and-thawing cycle as well as during several other cycles. The freezing rate was ap­
proximate! y 20 F / hr. 

Companion specimens, in some cases, were also exposed to a single slow freeze 
cycle in a deep freeze unit. Length change and temperature measurements were made 
at 10- to 15- min intervals over a 4-hr period. The freezing rate of this procedure 
was between 5 and 10 F /hr. 

From the data obtained, correlations were made between concrete durability as 
measured by dynamic modulus and certain characteristics of the temperature vs length 
change curve. 

AGGREGATES STUDIED 

The eight coarse aggregates used are briefly described in the following. 

A. A high quality _quartzite gravel from the eastern Piedmont region. This is a hard 
durable aggregate with an excellent field performance record. It was used both for 
comparative purposes and for blending with other aggregates. 

B. A high quality trap rock crushed stone from the eastern United States. 
C. A crushed limestone having unknown field performance from southeastern Canada. 
D. A gravel of very heterogeneous composition from a river terrace of the glaciated 

midwest. This aggregate has a fair field performance record. 
E. A blast furnace slag from the eastern United States. 
F. A midwestern river gravel, composed mostly of chert, having a poor field per­

formance record. 
G. A chert gravel from the Ohio River having an extremely poor field performance record. 

-wrhis is an abridgment of a paper presented at the 44th Annual Meeting. The complete 
paper as then presented is available from the HRB at cost of reproduction and handling. 
However, an interim report of this project (NCHRP 4-3(1) FY 1 63) has bee(( published as 
NCHRP Report 12 • 

Paper sponsored by Committee on Mineral Aggregates . 
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H. A reject midwestern glacial gravel which floated in a commercial heavy media 
plant operating at a media gravity of 2.55. This aggregate has no field performance 
record because it is not used in pavement structures. 

In addition to these eight aggregates, individual rock types were separated by hand 
from aggregates D and H in sufficient quantity to be used in concrete. Aggregates D 
and H were the most heterogeneous gravels obtained and the only ones from which suf­
ficient quantities of many different rock types could be obtained. The other six ag­
gregate sources were of more or less uniform composition. The individual rock types 
separated were as follows: (1) high calcium limestone, (2) chert, (3) limey chert, 
(4) calcitic siltstone and sandstone, (5) quartzite, (6) non-end members of limestone 
and dolomite, (7) dolomite, (8) weathered rounded trap, (9) shale, and (10) granite. 

Concrete Mix Design 

All concrete mixes were designed using a blend of three brands of low alkali type I 
cement, a cement factor of 5.5 sk/cu yd, and air content of 5.5 percent, and sufficient 
water to obtain a 3-in. slump. A single high-quality quartzite sand was used through­
out the entire project. All course aggregates were vacuum saturated and all specimens 
were cured in lime water for 13 days. 

Results and Discussion 

Two terms must be defined before the results of the study can be presented and 
discussed: 

1. The minimum 5 F temperature slope, b1, is the minimum slope that can be found, 
within a 5 F or more range, on the length change vs temperature curve obtained during 
the first freeze of each specimen. It is in units of 10-4 in./deg F measured over a 
10-in. gage length. 

2. The time slope, bt, is the minimum slope that can be found within a 20 min (1/3hr) 
or greater range on the length change vs time curve for the slow freeze cycle specimens 
only. The units of bt are 10-4 in./hr (measured over a 10-in. gage length). 

Table 1, her ein (Table 3 of original paper; Table 5, NCHRP Report 12), gives the 
relationship between DF100 and b1 for all specimens that underwent the alternate freez­
ing and thawing cycle procedure. The values are the averages of all specimens for the 
particular mix design. Although a certain amount of variability is evident, a fairly 
good separation is obtained between groups I and II and groups II and ill. 

Figure 1, herein (Fig. 3 of original paper; Fig. 6, NCHRP Report 12), shows the 
relationship between DF100 and b1 for the concretes made with the individual particle 
types. With the exception of aggregate U, a shale, a fairly good relationship is shown. 

Figure 2, herein (Fig. 8 original paper; Fig. 11, NCHRP Report 12), shows the re­
lationship between DF100 and bt for the specimens frozen in the deep freeze. Omitting 
points F-2 and L for purposes of illustration, an extremely high correlation coefficient 
is obtained. If bt were a good prediction of the quality or durability of concrete ex­
posed to freezing and thawing, specimens could be tested using only a deep freeze unit, 
a Whittemore strain gage, and an instrument for keeping time. Expensive temperature 
measuring equipment would thus not be required. 

On the basis of these results, it is felt that one or both of the test procedures de­
scribed has excellent potential as at least a preliminary test to separate potentially 
bad aggregates from good aggregates. In no case did a mix design have a b1 or a bt 
value of l0ss than zero, indicating that dilation never took place, with aggregates fall­
ing in the good category. Perhaps if a b1 or bt value of less than zero were obtained, 
it might be decided that more lengthy tests might be performed. All of the traditional 
freezing-and-thawing tests and the one cycle freeze test described by Powers (1) are 
time-consuming. It is hoped that future testing will show that a test of the natur e de­
scribed in this study will prove practical. 

REFERENCE 
1. Powers, T. C. Basic Considerations Pertaining to Freezing-Thawing Tests. Proc. 

ASTM, Vol. 55, pp.1132-1155, 1955. 
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TABLE 1 

RELATIONSHIP BETWEEN MINIMUM 5 DEG TEMPERATURE SLOPE, b1 (lo-• IN. / DEG F) 
AND 100 CYCLE DURABILITY FACTOR, ALL MIX DESIGNS 

Group I 
Extremely Bada 

Mix DF100 b1e Mix 

F-1 3 -2.602 F-2 
F-3 3 -0.549 I 
G 1 -5.768 J-1 
H 5 -2.072 J-2 
N 4 -1. 316 J-4 
w 1 -3.274 J-5 

L 
0 
p 

Avg. 3 -2.596 Avg. 
a 

DF1 00 = 0-5-
bDF100 = 6-30. 
cDFioo = 31-8o. 

~Fi oo = 81-100 . 

3.5 
w 

-3 

"" 0 2.5 
' A 
"' 

.q-
I 

-2 
0 
r-i . 1.5 
p 

; -1 
P< 
0 
r-i 
l'IJ 0,5 
0 

"' 
! 0 
..-4 
A 
$! 0.5 

+1 
0 10 20 

Ver, Bad 
Bad 

Grau~ II Group III Group IV 
Bad Faire Gooctd 

DF100 b,f Mix DF,oo b,g Mix DF100 b,h 

12 +0.075 D 66 +0. 102 A 97 +0.882 
25 -0.398 E 59 +0. 143 B 98 +0.835 
9 -0.014 J-3 44 +0.489 C 84 +0.316 

14 +0.063 J-6 66 +0.450 K-1 85 +0.029 
12 -0.073 R 51 +0.178 K-2 93 +0.010 
7 -0.220 s 46 +0.101 K-3 94 +0. 167 

10 -0.300 u 40 +0.642 M 95 +0.291 
8 -0.863 Q 95 +0.264 

27 -0.332 T 98 +0.698 
V 95. +0.813 

14 -0.229 Avg. 53 +0.330 Avg. 93 +0.431 

eNinety percent confidence limits: -4.095 to -1.097. 
fNinety percent confidence limits: -0.409 to -0.049. 
gNinety percent confidence limits: +o.139 to +o.461. 
hNill(<,y _percent confidence limits: +0.233 to +o.629. 

I - Glacial Float Gravel 
M - Lime et one 
N - Chert 
0 - Limey Chert 
P - Sandstone 
Q - Quartzite 
R - LS-Dolomite 
S - Dolomite 
T - Rounded Trap 
U - Shale 
V - Granite 
W - Ohio River Chert 

30 40 50 
Fair 

60 

Theee ag§re§ates were 
in the 1 -½ fraction. 
Aggregate A was used 
in the½"-¼" fraction, 
Each value represente 
the average of a mini­
mum of 3 specimens, 

70 Bo 90 
Good 

100 Oyole Durability Factor, DF100 

100 

Figure 1. Relationship between DFi oo and b1 for individual particle types . 
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Figure 2 . Re l a tionship be tween DF100 and bt for specimens frozen in deep-freeze . 

Discussion 
BAILEY TREMPER, Consul ti ng Engineer, Riverside, California-Professor Walker 
has adopted the term b1 as a measure of length c hanges in concrete during the first 
freeze of each specimen. A negative value of b1 signifies an increase in length. Con­
versely, if b1 is positive a decrease in length is indicated. 

The value of b1 as used by Walker is eviden_tly the sum of changes due to thermal ef­
fect and that produced by dilation of the specimen due to the effect of freezing. Since 
the thermal coefficient indicates shortening during descending temperature, its value 
is positive. The thermal value should be substracted from the total observed length 
change to obtain the value of dilation due to the freezing effect alone. 

The thermal coefficient of expansion of concrete is generally in the range of 3 to 6 x 
10-6 which is equivalent to 0. 3 to 0. 6 x 10-4 measured over a 10-in. gage length, which 
is the unit used by Walker. These are the values observed after moisture in the gel 
pores and the capillary pores has reached equilibrium following a change in tempera­
ture. Helmuth (2) has shown that when hardened cement paste has been subjected to a 
change in temperature at a rate comparable to that used by Walker, the observed ther­
mal coefficient is approximately double the value found after moisture equilibrium has 
been established. 

An increase in the freezing rate of concrete would be expected to increase the ap­
parent thermal coefficient, and presumably the amount of dilation also, but the relative 
effect on the two factors would not necessarily be the same. Examples of the effect of 
freezing rate on b1 for two concretes are shown in Figures 6 and 7 of original paper 
(Figs. 9 and 10, NCHRP Report 12). For concrete F2, b1 was zero under rapid freez­
ing but increased to +0. 19 under slow freezing. For concrete L, b1 was -0. 3 under 
rapid freezing but increased to +0. 2 under slow freezing. Although these results may 
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indicate that slow freezing was less destructive, such a conclusion cannot be confirmed 
without knowledge of the effect of freezing rate on the apparent thermal coefficient. 

Professor Walker did not report the thermal coefficients of the concretes he tested, 
but since the values of b 1 as indicated in Table 1, herein, were obtained under decreas­
ing temperature rates of from 13 to 26 deg F /hr, the change due to the thermal effect 
alone could well have been equal to the observed values of b1 as reported for group IV 
(good) aggregates. In other words, these concretes may have exhibited nothing but the 
natural thermal change in length, and therefore would be rated as "good" on the basis 
that they developed no dilation. 

For the poorer concretes of Table 1; herein, (those exhibiting negative values of b1), 
the value of dilation would be the value of b1 minus the value of the thermal coefficient 
and would be considerably more negative than b1 (would exhibit greater dilation). 

Professor Walker states that specimens falling in the fair to good categories did not 
evidence overall expansion usually. Therefore, he concluded that b1 would be a better 
measure of performance. The only aggregate he tested that was known to have a "fair" 
performance record was aggregate D. (The remaining aggregates listed in the fair 
category in Table 1 were so placed solely because of results obtained by ASTM Desig­
nation: C 290-61 T, Rapid Freezing and Thawing in Water.) Concrete D developed a b1 
value of 0. 102 x 10-4 in. per deg F. If any reasonable value of thermal coefficient is 
subtracted from this value the result would be negative, indicating actual dilation, the 
value of which it should have been possible to measure. Therefore, Professor Walker's 
choice of b1 as a measure of performance does not appear to be superior to that of 
dilation. 

If all of the concretes tested by Professor Walker had the same thermal coefficient 
and if this value were subtracted from the reported values of b1, the separation into 
four groups indicating good, fair, bad and extremely bad in Table 1 would not be 
changed. But, it is reasonably certain that all concretes did not have the same thermal 
coefficient. Therefore, a grouping according to dilation would undoubtedly have brought 
about changes in rating. The ratings during the first freeze then would not necessarily 
agree with that shown by the 100-cycle durability factor. 

This brings up the question of the validity of using the test for rapid freezing and 
thawing in water as a measure of field performance. Professor Walker indicates that 
he questions its validity. Powers (1) has questioned the rapid freezing methods be­
cause of the high rate of temperature drop and the unrealistically high internal hydraulic 
pressures that are developed. Other features of the test as conducted which are not 
in accordance with the principles set forth by Powers are 

1. The use of 1-in. maximum size aggregate particles unless this is the largest 
size that will be used in the work. 

2. Testing the concrete in a saturated condition, whereas in the work, most con­
crete is afforded some opportunity to dry between the time of construction and exposure 
to freezing conditions. 

3. The fact that the test gives no indication of the performance of partially dried con­
crete after it is exposed to moisture during winter conditions which vary from location 
to location. 

Professor Walker has stated that his objective was to develop a quick, simple and in­
expensive method of test to distinguish deleterious particles in aggregate and predict 
their behavior in concrete subjected to freezing and thawing. It is not difficult to devise 
such a test that will distinguish between aggregates of unquestionably poor performance 
and those of unquestionably excellent performance. The problem lies in rating marginal 
aggregates that may give satisfactory performance under moderate exposure but not 
under more severe freezing-and-thawing conditions. It is not believed that Professor 
Walker's approach is promising for the latter situation, because of the considerations 
outlined previously. 

Although low testing expense certainly is to be desired, the fact that substantial ad­
ditional costs may be involved in transporting large quantities of aggregates tends to 
overshadow possible savings in testing expense. Usually, automatic recording methods 
for measuring length changes will reduce the operator's time sufficiently to make such 
methods less costly than manual measurements. 
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Finally, it appears that true economy will result only if the length and severity of 
winter exposure at a particular construction site is evaluated to select the appropriate 
test procedure for such conditions. 

Reference 

2. Helmuth, R. A. Dimensional Changes of Hardened Portland Cement Pastes Caused 
by Temperature Changes. Proc. Highway Research Board, Vol. 40, pp. 315-
356, 1961. 

R. D. WALKER, Closure-The author greatly appreciates the thorough review given 
to this paper by Mr. Tremper. In the light of his discussion it is felt that certain 
points should be emphasized. 

The object of this study was to develop a simple, short, and inexpensive test pro­
cedure for evaluating aggregates. The data shown in Figure 2, herein, indicate ex­
cellent promise of correlation between time slope, bt, and durability factor. With 
this procedure, only time and length change are being measured; thus, a correction 
for thermal coefficient of the concrete would not be practical. With each concrete 
made of the same constituents except for the coarse aggregate, the correction would 
be minimal. 

Mr. Tremper points out that automatic freeze-thaw test specimens showed lower 
temperature slope (b1 ) values than those frozen in the deep freeze unit. This is cer­
tainly due to a lower freezing rate and to the specimen being frozen in air rather than 
in water. However, placing the specimen in a OF environment should provide reason­
ably standard freezing conditions which are essential in the development of a test such 
as this. 

Concerning severity of test, as long as correlation of results is ultimately based on 
field conditions, it should not matter, in most cases, how severe the test is if it will 
permit differentiation of performance. An aggregate such as the slag (aggregate E) 
used in this study would be an exception, due to its large pore sizes. It had a durabil­
ity of only 59, yet in Maryland it has an excellent field performance record. 

Mr. Tremper commented on the inadvisability of restricting the maximum aggregate 
size to 1 in. in the tests described. The test could easily be modified to use larger 
specimens which could accommodate larger aggregate; however, our studies indicate 
that there is at least some doubt as to the effect of top size of aggregate on results, 
As for testing the concrete in a saturated condition, the pros and cons could be pre -
sented in a lengthy discussion. In this study saturation was used to promote greater 
standardization of the test as well as to permit quick results. 

This study does not provide a solution to all our problems but only a beginning 
towards a standardized, simple test that will be of value for at least the preliminary 
separation of the very bad and very good aggregates. It is believed it can accomplish 
more than that. A standard test cannot hope to duplicate field environment exactly. 
A test which does attempt to do this, in the author's opinion, will lose much of its 
practical value. 



Petrographic Examination of Natural 
Concrete Aggregates 
L. DOLAR-MANTUANI 

Structural Research Department, Hydro-Electric Power Commission of Ontario, 
Toronto, Canada 

Methods used in the petrographic examination of coarse and 
fine natural concrete aggregate are described. Features of 
aggregates, based on their composition, structure, and tex­
ture, influencing the quality of a concrete are discussed. In 
addition to standard petrographic methods the copper nitrate 
staining test has been found useful for both identification and 
appraisal of carbonate materials. Attention is also drawn to 
the need for further testing of special problem aggregates, 
such as the alkali-silica-reactive or the alkali-carbonate rock­
reactive aggregates and those containing clay minerals. 

The role of the petrographer is stressed in complementing 
and interpreting standard acceptance tests designed to deter-
mine the suitability of a given material as concrete aggregate. 

•AGGREGATES for large concrete structures must be carefully selected in order to 
minimize service deterioration due to possible aggregate inadequacies. When natural 
aggregates are used it is sometimes necessary to consider a large number of gravel 
and sand deposits and rock quarries. Therefore, for quick yet satisfactory indications 
of the best deposits for intensive study, simple short-term standard acceptance tests 
which include cursory petrographic examinations are used. 

This paper describes petrographic examinations of rocks and minerals that have 
been applied for many years in the preliminary analysis of aggregates inte:1ded for use 
in both large and small concrete structures by Ontario Hydro (1). The methods out­
lined reflect the fact that the aggregates examined have been mainly from the Canadian 
Shield, and from a region of Paleozoic and Cenozoic sediments. 

Petrographic laboratories dealing with a considerably greater number of samples than 
Ontario Hydro, must usually simplify these methods even further. Examples of rou­
tine methods are those used by the Ontario Department of Highways and described by 
Hewitt (6). The methods outlined in this paper may, however, be included in every 
petrographic examination of concrete aggregate, and may also serve for examination 
of rocks used in other structural fields where special requirements demand additional 
examinations or emphasis of other properties. 

Basis for Selection of Methods 

Although intended mainly to classify and describe materials in their natural state, 
routine petrographic examinations usually include consideration of their behavior as 
structural materials. This point is emphasized in the following quotation from ASTM 
Designation C295-54, Recommended Practice for Petrographic Examination of Aggre­
gates for Concrete (20): 

Identification of the constituents of a sample is usually a neces­
sary step toward the recognition of the properties that may be 
expected to influence the behavior of the material in its intended 

Paper sponsored by Committee on Mineral Aggregates. 
7 
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use, but identification is not an end in itself. The value of any 
petrographic examination will depend to a large extent on the 
representativeness of the samples examined, the completeness 
and accuracy of the information provided to the petrographer 
concerning the source and proposed use of the material, and 
the petrographer' s ability to correlate these data with the find­
ings of the examination. 

Furthermore, as stated by F. S. Fulton (3): "A knowledge of the ways in which rocks 
are formed, and of the various natural processes whereby their original characteristics 
are altered may lead to a better understanding of those intrinsic properties which deter­
mine the suitability of a rock also as a source of concrete aggregate." 

Requirements for aggregate vary depending on the end use of the concrete. Aggre­
gate characteristics determined petrographically include structure, texture and com­
position of the aggregate constituents. These may affect desirable properties in the 
concrete such as compressive and flexural strength, abrasion resistance, toughness, 
and durability. Durability implies resistance to climatic conditions, such as tempera­
ture changes, wetting and drying, and freezing and thawing. The concrete may also 
need to be especially resistant to heat, or to actions from such sources as polluted air, 
sulfate waters, organic acids, and alkalies. Concrete aggregates must be both physi­
cally and chemically compatible with the other constituents of the concrete. 

The properties of aggregates may be either inherent in rocks and minerals or have 
been acquired through processes of alteration or weathering during geologic time. Ma­
terial of acceptable quality in its fresh state may in the weathered state be completely 
unsuitable. The effect of weathering, although very important, is unfortunately diffi­
cult to describe and appraise, because the changes in structure, texture, and compo­
sition are continuous. 

Economy may not be of immediate concern to a petrographer, but it can be the de­
ciding factor in source selection from among two or more materials of equal or almost 
equal quality. 

Numerous physical and some chemical standard acceptance tests are applied in ap­
praising a material for structural purposes, with petrographic examination but one of 
the required steps. There are two main differences between the two approaches. 
First, unlike standard acceptance tests, petrographic examinations are not performed 
in a strictly prescribed manner. Second, petrographic examinations give information 
on the composition and quality of individual particles, whereas most standard accept­
ance tests provide data on bulk samples only. 

The effectiveness of various petrographic methods depends, of course, on the ma­
terials to be studied. Established techniques for sedimentary rocks (Krumbein and 
Pettijohn, 7) are the most applicable not only because much concrete aggregate is of 
this origin but also because mortar and concrete products may be considered artificial 
forms of sandstones and conglomerate or breccias, respectively. 

In carrying out petrographic examinations it may be necessary to focus attention on 
a particular characteristic of a material either because it is needed or because it may 
be harmful and is difficult to detect. Examples of this would include porosity of vuggy 
dolomites or of carbonaceous shaly sandstones, or special types of opal or chert in 
carbonate rocks. 

More detailed examinations involving little more time may frequently yield impor­
tant results. In some instances the petrographic examination will indicate the need for 
extensive physical and chemical testing to assess fully some potentially deleterious 
characteristics (10). The size and importance of the proposed structure also greatly 
influences identification for concrete aggregates. 

Whenever possible, materials for structures are compared with materials of 
known satisfactory records in similar structures. This comparison may have to be 
based entirely on petrographic methods because no other method can provide such 
exact identification for concrete aggregates. 

Knowledge that proposed and known materials are from the same source is alone 
usually insufficient to establish the quality of the proposed material, because frequently 
variations occur both vertically and horizontally throughout deposits. This applies 
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particularly in gravel and sand deposits. In quarries, composition and quality are usu­
ally more uniform. Even if materials in a structure have performed satisfactorily, 
the older the structure the less likely that present materials from the same general 
source will correspond exactly to those in that structure. Furthermore, as appropri­
ately pointed out by ACI Committee 621(21), modern concreting techniques may be a 
factor in a material's suitability, " ... its hould not be overlooked that unfavorable 
service of old concrete without entrained air may not accurately indicate performance 
of concrete with the benefits of proper air entrainment. " 

For the foregoing reasons, decisions on aggregate materials are based more often 
on comparisons of economically available materials with other known materials, than 
on appraisals according to a given standard. Generalized standards cannot reflect the 
different criteria that should be applied, as these criteria are dependent on the end use 
of the material. In addition, the reasons for acceptance or rejection of a material or a 
source for one application may not be valid for other applications. 

Petrographi.c tests often help to explain failures that occur in other tests by reveal­
ing the materials which cause failure. From experience gained through examination of 
materials that have failed in standard acceptance tests, the petrographer becomes more 
adept at appraising aggregates for structural purposes. The identification of harmful 
materials in a deposit may lead to recommendations of beneficiation procedures which 
would make acceptable an originally unsuitable aggregate (8). 

Often in the formulation of specifications, petrographic f indings make it possible to 
set limits on permissible quantities of harmful constituents of aggregates to be used 
for particular structures. The limits are established by using data from previous 
studies and information on the performance of existing structures. This requires close 
cooperation between the petrographer and the concrete technologist. The establishment 
of these compositional limits can be of great value because conformance with them may 
obviate the need for lengthy physical tests on aggregates. 

In general specifications, reference is usually made to certain deleterious aggregate 
constituents such as coal, lignite, shale, and unsound chert, and the percentage limits 
tolerated are stated. Checking for conformance with these specifications inevitably 
involves petrographic examinations, but because the terms used in specifications are 
too vague for precise identification of the materials, judgment also must be used. 

SAMPLING 

In large agencies with extensive job specialization, trained field personnel normally 
do the sampling (14). In special instances involving the geological position of a sample 
to be tested, or collection of a particular material, a petrographer does the sampling. 
Procurement and retention of photographs of the exact areas sampled are advisable, 
especially where working pits or quarries are involved. Visual comparisons by means 
of such records, of the sampled area with those that may later be developed, may ob­
viate the need for testing samples from the aggregate supply area. 

According to long-established practice and in conformance with the specifications 
used in North America, the No. 4 sieve (4. 76-mm size) is used for the first main sepa­
ration into coarse and fine aggregates. Normally, the samples are separated into frac­
tions by means of standard sieves so that the particles of the different constituents 
present may be counted rather than weighed. 

The size of sample required depends on the maximum particle size of the material 
available to the petrographer. Often, the coarsest fraction petrographically examined 
is that specified for the structure. More frequently, however, the coarse aggregates 
examined are limited to three fractions consisting of gravel or crushed rock in the 
sizes for standard laboratory acceptance tests-fractions retained on ¾-in., %-in., 
and No. 4 sieves. Usually, approximately 50 lb coarse aggregate and 2.5 lb fine ag­
gregate quartered down from the entire representative sample are sufficient to provide 
200 particles of each fraction for petrographic examination. In this way, enough ma­
terial is available to insure that even the ¾-in. fraction of a normal-weight coarse ag­
gregate and the No. 8 size fraction of fine aggregate contain all essential constituents. 
If the material is not deficient in one or more size fractions, these quantities of both 
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coarse and fine aggregate will usually be sufficient for any special petrographic tests 
or examinations. 

Fine and coarse aggregates are always appraised separately because the size of the 
particles may influence the choice of not only the physical test methods applied but also 
of the petrographic techniques. 

COARSE AGGREGATE: FEATURES AND TEST METHODS 

Coating 

Before the petrographic examination is started, the aggregate sample is visually in­
spected to ascertain whether dust is present in an excessive amount. Rock dust adher­
ing to the coarse aggregate as a form of coating (on wet particles in particular) may be 
crusher dust that accumulates during processing. It may result from insufficient sepa­
ration of fine pit material, or it may accumulate from soft fine-grained particles that 
gradually disintegrate. Such accumulations occur more frequently in gravel from pits 
that contain silty and clayey seams and layers. Silty and clayey material may adhere 
to gravel surfaces so firmly that it is not removed by normal washing. Dust in exces­
sive amounts may be concentrated in those parts of an aggregate pile that have been 
stocked longest. 

Dust coatings are usually reported as materials passing the No. 200 sieve, and 
percentage limits are set in most specifications. If information on the amount of dust, 
where excessive, is not available, the amount is determined in the petrographic labo­
ratory. In such instances and also if the amounts are borderline, additional informa­
tion on the composition of the dusty coating can be useful. The dusty coating is col­
lected by washing the sample over appropriate sieves, the finest being the No. 200. The 
wash-water is collected and evaporated, and the residue weighed. Then on an adequate 
sample of the minus 200 portion, the hydrochloric acid-insoluble test is performed, 
followed by the barium chloride test for the presence of sulfates. The acid-insoluble 
residue, mounted on slides, is examined microscopically, special attention being 
given to any clay minerals present. 

The petrographic study of more or less firmly attached coatings is made on single 
particles by means of a lens or microscope. 

Particle Shape 

Usually, particle shape, which is most importa1;.t for crushed aggregates, is the 
first feature to be determined. This determination and the counting of the 200 parti­
cles of each fraction are done together. Because particle shape of the crushed aggre­
gate can be corrected (5), a shape analysis involving detailed measurements is nor­
mally not attempted unless the amount of flat and oblong particles, which are undesira­
ble, approaches the permitted limits. Particle shape is classified under two general 
characteristics (19): roundness, i.e., the particle is rounded, subrounded, subangular 
or angular; and sphericity (the three-dimensional shape or shape proper) i. e. , the 
particle is cubic, flat or oblong. For a quick determination of the roundness, com­
parison of the particle shape with appropriate charts is adequate (16). A smooth 
surface texture might suggest a greater roundness of particles thanactually exists. 
Sphericity can be determined by the use of a simple divider set at a given ratio. The 
U.S. Corps of Engineers and Ontario Hydro have adopted the ratio 1: 3 both for width 
to length and for thickness to width to distinguish between cubic, and either flat or ob­
long particles. For road material the ratio 1: 4 (22) or 1: 5 (23) is required, and the 
determination of fractured faces is frequently important in the assessment of the round­
ness of particles. Crushed particles are defined as those which have at least one or two 
fractured faces (20 ). 

General Observation 

The initial megascopic examination of coarse aggregate involves recognition of each 
essential constituent and determination of its textural and structural features, and also 
of those accessory constituents th~ properties of which might determine the quality of 
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the aggregate as a structural material. A magnifying lens, a hamtner, a knife, water, 
and dilute hydrochloric acid are the simplest aids used. The 3/a-in. fraction is found 
most convenient for first study because this size permits relatively easy identification 
of the rock constituents as well as of the different materials which may form part of 
the particle surface. 

Although classification of aggregates by composition is a straightforward petro­
graphic procedure, the details required for the different varieties may vary consider­
ably from sample to sample. For aggregates composed mainly of rock of one type such 
as that obtained from one quarry or an indurated rock excavated from a limited area, 
more detailed classification of the various features of that particular rock are neces­
sary. The need for details applies also for gravel derived from a pit very uniform in 
composition. 

Surface Texture 

Although surface texture no doubt influences the bond of both coarse and fine aggre­
gate particles to cement paste, and accordingly can adversely affect the strength of 
concrete, standardized techniques for examination of this feature have not yet been 
developed (15). The description of aggregate-surface textures, based on visual obser­
vation, is usually limited to general terms such as granular, crystalline, glassy, 
polished, smooth, rough, dull, or surface marked. The surface may be described as 
furrowed and grooved, scratched, ridged, or dented; striated, etched, frosted (minute 
irregularities), or pitted (larger scattered irregularities) (J_). 

Visual Estimation of Other Surface Features 

In the megascopic examination of aggregates, special attention is given to various 
objectionable impurities in the rocks or minerals, such as shaly seams, rusty accumu­
lations, inclusions of chert, sulfates and sulfides, and more or less firmly adherent 
coatings. To evaluate the degree of harmfulness, the amounts of the various impuri­
ties are often estimated as percentages of the particle surface, the surface layer being 
assumed the most important feature in the eventual reaction with the cement paste. 
Such estimates can be made quickly and with reasonable accuracy, provided that a 
color difference exists. For proficiency in estimating, experience is essential, and 
can be acquired by comparison of estimated results with results obtained by the use of 
adequate visual aids (25), or by comparison of estimated percentages of rock constitu­
ents or other parameters in thin sections with those obtained microscopically by the 
point-count method. 

Quality 

Although in petrographic studies of an aggregate the influences of the physical and 
chemical properties of a constituent are usually appraised separately, the presence of 
a particular constituent may be both physically and chemically undesirable. Further­
more, the same constituent may be harmless under certain conditions but harmful 
under others, or even beneficial for one purpose but detrimental for another. 

Harmful physical properties, evidenced as brittl eness, lamination, and friability 
of constituents, are generally more readily established than harmful chemical proper­
ties. Physical properties depend to a great extent on the original structure and texture 
of the particle, and on the abundance and nature of pores and internal fractures in the 
material. Special attention must therefore be given to such features as porosity, ve­
sicularity, schistosity, presence of micaceous minerals, poor bond between grains 
and between grain assemblages after weathering, and insufficient cementation. For 
classification of the physical quality of individual particles the terms used are good or 
satisfactory, fair, and poor (12). 

To appraise physical quality, in the course of routine examinations simple tests are 
performed on individual particles, for example, light hammer tapping or, for finer 
sizes, breaking of particles with the fingers. To determine whether particles are soft 
and/or friable, a varying pressure is applied to break pieces with a hammer, using a 
rotatory motion. The force exerted depends on the particle size. Rapid absorption of 
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a water drop on a rock surface may be the first indication that a particle is physically 
and perhaps also chemically objectionable. 

Although subjective, such physical testing substantiates visual findings and has the 
~dv~nt~g'= of in~rolving entire individ~a.1 p~:rticlc::;. It liel_ijS lu de tec t the p1~ese11ce ui 
clay or mud balls or other similar incoherent particles and may indicate the degree of 
weathering of particular constituents of a sample. It may show the need for other spe­
cific standard tests to appraise the aggregate' s physical quality. 

The scratch hardness method (ASTM Test C 235-57, 20) in which individual particles 
are scratched on several faces with a brass rod that resembles a sharpened pencil 
may also be applied. The particles remain practically undamaged, thereby permitting 
the same samples to be tested by other methods. The scratch test with a knife is an 
important method for quick distinctions between chert and carbonate rocks of the same 
color, and between dolomite and chert containing carbonate inclusions. 

In the classification of an aggregate by chemical quality, the observer must concen­
trate on unsound materials that are part of the original rock composition or have been 
produced by various alteration and weathering processes in later stages of the rock's 
history. Such substances are limonite, clay minerals, chert, certain zeolites (laumon­
tite, heulandite) and volcanic glass. According to the literature, the number of min­
erals and rocks that contain harmful substances seems to increase from year to year, 
partially because more nearly exact identification of potentially harmful substances in 
structural materials is now possible. No doubt some findings on the general quality of 
rocks and minerals must continuously be revised as new information becomes available . 
Aggregate constituents are classified chemically as being either innocuous or deleteri­
ous, or as suspected of being deleterious if their effects cannot be established exactly. 

From the numerical distributions of the various particles in each fraction, tables 
of aggregate constituents with varieties subdivided according to their expected qualities 
are prepared. The weighted average for the whole sample is calculated by taking into 
account the weighted grading. 

Staining Method 

For speeding up the megascopic identification of the mineral constituents and pro­
viding additional information on the quality of an aggregate, staining techniques are 
very useful. In the structural branch of applied petrography they are mainly conducted 
on carbonate rocks and minerals. In the staining method used in the Ontario Hydro 
Laboratory (2), 200 particles of each fraction are immersed at room temper ature in 
a copper nitrate solution 1

• Consequently most fractions of a sample are examined in 
two sets of 200 pieces each, one set by the staining method and the other by routine ex­
aminations, each revealing differenl prop rties f the s m • con:;lituents. Therefore, 
200 particles for eac h fraction is considered sufficient for routine examinations, even 
though the ASTM prescribes petrographic examination of at least 300 particles. (C 295, 
20). 

The prolonged copper nitrate staining test shows not only the differences between the 
carbonate and noncarbonate rocks, and between carbonate rock types, the limestones 
and dolomites, but also in the carbonate rocks it shows the presence, type and develop­
ment of silicate impurities such as quartz, feldspar grains, chert, and clayey films, 
seams and accumulations, each of which has a bearing on the quality of aggregates. 
Not only can these impurities be identified by absence of stain but also shaly accumu­
lations and shaly particles may disintegrate to various degrees. Scaling, splitting, 
laminating and irregular cracking indicate unsatisfactory quality (Figs. 1 and 2). Ex­
amination of the stained gravel fractions before petrographic examination of the un­
stained sample has proved advantageous because some properties and varieties of the 
materials are more easily recognized after staining. 

1 Fifty- one grarns hydrat ed copper nitrate Cu(N03 )2 • 3H2 0, are dissolved in 200 ml of 
water. Before washing the spec imens i n tap water at the end of the test , they are brief ­
l y immersed in a s trong ammonia solution to stabilize the blue stain produced by the 
complex copper salt s, 
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Figure 1. Two piece s of shaly (argilla ceous ) l imestone obtained by cutting throu8h a 
s ingl e particle ; l ower piece (not stained) with darker shaly , hardly recognizabl e 
stripes ; upper piece with nwnerous splits and cracks caused by 16- hr copper nit rat e 

st aining t est (~). (3. 9x) 

If a particularly important carbonate material is to be studied or if a carbonate rock 
is of s us pect qualiti, groups of particles appa r e ntly of t he same rock variety are 
stai ned or single ¼-in. pa rticles a re examined in detail. For the exa mination of 
singl e 3/4-in. pieces, a thin sectio11 of each particle is prepa red, and the staining and 
the hydrochloric acid-insoluble tests are applied to the remainder of each pa r t icle. 
The acid-insoluble residue is examined microscopically in mounted sections immersed 
in oils of various refractive indexes and the percentages of the noncarbonate constitu­
ents of the rock are estimated. 

FINE AGGREGATES:· FEATURES AND TEST METHODS 

The examination procedures for fine (sand-sized) aggregates are similar to those 
for coarse aggregates except that handling and observation are more complicated be­
cause of smaller particle size. It is understandable that many methods have been de­
veloped for dealing with sands, particularly if the specific requirements of the various 
fields such as stratigraphy, glaciology, and economic geology are considered. For 
examinations of fine aggregates, however, these methods are normally not entirely 
applicable, and must be modified to meet the needs of the construction industry. 

The fractions into which fine aggregates are commonly separated are those retained 
on sieves Nos. 8, 16, 30, 50 and 100, and passing No. 100 sieve; the last fraction might 
be divided into two fractions: that retained on, and that passing No. 200 sieve. Al­
though some of these fractions are usually more abundant than others, examination of 
only one or two of the more abundant fractions does not suffice. The composition of 
a sand varies from fraction to fraction, and therefore the results obtained on one or 
two fractions cannot be extrapolated to include the entire sample. In examinations of 
sands, especially of the coarser-sized fractions even if present in relatively small 
amounts, a quite detailed classification of the constituents, particularly of those with 
a poor record, is frequently required. 

Microscopic Examination 

The 200 particles for each of the fractions from No. 8 to No. 50 are examined in 
reflected light under a stereoscopic microscope. Either a special needle of bakelite 
or a brass needle insulated with a rubber sleeve is used for handling the fine-sized 
fractions. The fractions No. 50 to passing Nos. 100 and 200 are examined in mounted 



14 

Figure 2 . (A) Dri ll cores of shaly ( o.rg i l l aceous) l i mestone and calcareous shale. Not 
r ecognizable are the amount and development of c layey ma t e rial i n p ara l l el , very narrow 
s eams.White s pot s are f oss il r emnants .(B) The same samples , afte r sub jection t o an 18-hr 
c oppe r nitrat e staining t est . Lruni nat ion of shaly s e ams i s clc,arly visible(~) . ( O. 9X) 

sections in transmitted light under a petrographic microscope. Canada balsam is 
normally the mounting medium but immers ion oils may be used instead. Cursory ex­
amination of a fraction under the same magnification as used for the next finer size 
has been found useful in preventing overemphasis of some features which a re more 
visible under the greater magnification. 

Additional Tests 

In addition to microscopic examinations of original material, the copper nitrate 
staining test is performed on fractions Nos. 8 to 50 , inclusive. The lowe r limit is the 
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No. 50 sieve size because finer particles are easily lost in subsequent washing. In 
order to check the results for the finer fractions, the acid-insoluble test followed by 
t he bari.um chloride t est for sulfates are performed on these fractions at least, and 
may be warranted {01· all sand- sized fractions if sufficient carbonate constituents are 
present. 

In more exact determinations, for the larger fractions, those particles not easily 
identified are examined in thin sections obtained by grinding the tops from 2 to 6 parti­
cles attached to a glass slide with Canada balsam. Each particle of carbonate rock 
suspected to be of poor quality may be dissolved in hydrochloric acid on a spot plate. 
The effects of reaction of the particles with the acid, and subsequently the remaining 
insoluble residue, are observed with a microscope. For these examinations stained 
particles can also be used since the blue color is eliminated by hydrochloric acid. 

Quality 

Class ifica tion by quality of the fine -aggregate constituents may be based largely on 
the results oblainedfor the large1·- sized particles from the same pit; that is for gravel 
from gravel- sand pits a nd for th larger- s ized sand fractions or the over-size frac­
tions, if available, from a sand pit. li physical quality appears unsatisfactory, the 
larger sand fractions are examined by rolling each particle under a spatula. In this 
way some information is obtained on brittleness, and on the more important character­
istic, friability. Distinctly poor particles such as clay lumps and slaking shales are 
recognizable by their disintegration in water. The coarser fractions are much more 
convenient than the finer ones for appraisal of the chemical quality of sand when this 
quality depends on products developed in intensely altered and/or weathered rocks. 

Studies of gravel-sand deposits have shown that the disintegration of rocks into sand­
sized fractions is frequently beneficial because sand fractions usually consist largely of 
nonharmful mineral constituents remaining from coarse- or medium -grained weathered 
rocks. This is particularly true for fine sand fractions . Fine sand frac tions may, how­
ever, contain undesirable rock constituents such as clay lumps, slaking shales, mi­
nutely grained shaly carbonate rocks, chert, and volcanic glass. Some constituents 
may be harmless in very fine particle sizes but extremely harmful in somewhat larger 
sizes; for example, opal (9). Certain substances such as micaceous minerals may ac­
cumulate in the finest fractions and must be classified as physically poor because their 
perfect cleavage prevents a good bond to the cement paste in concrete. 

Knowledge of the fine -aggregate grading is important because the quality cannot be 
improved by recombination of the original fractions but only by bl ending with other 
sands. The percentage and composition of the mi nus 200 size fraction are determined, 
because this fraction can have an appreciable influence on the quality of a concrete. 

The results of analyses of fine -aggregate samples are record d as pa rticle counts 
of the various constituents, except fo1• U,e minus 100 and minus 200 fra ctions for which 
the quantities for the c0nstituents are only estimated. The results are arranged as de­
scribed for the coarse aggr egate. 

Investigations of Manufactured Sand 

Because of possible concentrations of harmful material in finer portions during 
crushing , manufactured sand (and especially crusher fines if used as aggreg·ate) re­
quire more deta iled examinations . A detailed determination of the composition of 
crusher fines may be advisable even if the fines are not intended for use as fine aggre­
gate. For comparison of c rus hed aggr egate s amples of the same rock formati on from 
different quarries or Crom different layers or the same quan·y, a knowl edge of the 
weighted total composition o'f crusher fines may provide a bette r basis than appraisal 
of the coarse fractions of the crushed rock which cannot be examined in the same detail 
because of their larger size. 

SPECIAL AGGREGATES: DETAILED EXAMINATION 

Alkali-Silica-Reactive Aggregates 

Specia l petrographic investigations may be concerned with alkali reactivity, mani­
fested by excessive expansion of concrete. Such expansion can be produced by reaction 
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of chert varieties, silica modifications, acid or intermediate volcanic glass, devitrifi­
cation products and tuffs of such volcanics, and at least some phyllite (13) with high­
alka.ll Ct..i.ncnt. Spcci~l atter1tion muat therefor': 08 GivAn t.o t.hP.se subst8nr.P.~ rlnrin~ 
any examination of a sample derived from an area suspected of containing such 
materials. 

Alkali-Carbonate Rock-Reactive Aggregate 

Particular varieties of carbonate rocks should be added to the list of deleterious ag­
gregates because they cause rapid excessive expansion when used in concrete made 
with high alkali cement and exposed to humid conditions. These carbonate rocks can­
not be identified by standard acceptance tests including those used for establishing ex­
cessive expansion, such as the mortar bar test (17). To prevent the use of such highly 
expansive material in concrete, the developmenfof relatively quick tests that will give 
reliable results are being studied in various laboratories (i , ~ ' 24). 

Agg1·egat s Containing Clay Minerals 

Information on the type of clay minerals present in aggregates such as shales or 
argillaceous carbonate rocks can be very sig•nificant (11). Dependable classification 
of such clays into the three main groups, the kaolinitic~illitic and montmorillonitic, 
is usually very time-consuming, however. Fortunately, various tests may be applied 
to determine if a suspected rock will perform unsatisfactorily because of the amount 
and type of clay minerals present. In addition to the results of thin-section examina­
tions of suspected rocks and determinations of their acid-insoluble residues in mounted 
sections, evidence of damage by the prolonged copper nitrate staining and the sulfate 
soundness tests, and of high absorption, indicate whether the clay minerals will be 
detrimental. 

As further objectionable materials in aggregates are found, new methods for de­
tecting them must be developed and many such methods are started in petrographic 
laboratories. Frequently these methods become so easily performed and yield such 
reproducible results that they become standard acceptance tests. 

PETROGRAPHIC EXAMINATIONS ASSOCIATED WITH STANDARD 
ACCEPTANCE TESTS 

Often it is desirable to obtain specific information about the composition and fabric 
of the portion of an aggregate sample that is used for standard acceptance tests. This 
is feasible, however, for material used for large structures or for special purposes. 
The task of the petrographer is to examine the sample after, and preferably, also be­
fore the acceptance test has been performed to insure that the material used in the 
various tests is of the same composition as the sample examined petrographically. 
This step is important because many tests are performed on some fractions only and 
not on the entire sample. 

If acceptanc e test results are conflicting or unexpected, or indicate that the sample 
is borderline, additional petrographic information facilitates the decision on acceptance 
or rejection of a material. Petrographic examinations are mandatory if trends appear 
that seem related to the location of the sources or to variations in the composition of 
materials from one source. 

In some instances, petrographic examination of a material after acceptance tests 
have been performed may have little immediate value. Nevertheless, exact identifi­
cation of any undesirable material may be useful if petrographic examination is later 
required for quick comparison of seemingly identical materials from the same or near­
by sources. The data may provide valuable clues to the types of rocks present in 
petrologically similar areas. The increasing emphasis now being given to acquiring 
knowledge of the kind of material that behaves in a particular way, rather than r epeti­
tion of empirical tests must be considered a forward step. 
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CONCLUSION 

Petrographic examinations complement standard acceptance tests. Such examina­
tions may confirm the results of acceptance tests and indicate not only the additional 
tests required but also which tests can be omitted. The petrographer greatly acceler­
ates and facilitates the application of information obtained from either good service 
performance of material that was expected on the basis of laboratory testing, or poor 
service performance of material that gave good results in physical tests . Petrographic 
description of a material is not an end in itseH, but must be related to the service fea­
tures required. Constant close cooperation between petrographer and concrete tech­
nologist is therefore desirable. 
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The Skid-Resistant Properties of 
Carbonate Aggregates 
J.E. GRAY, Engineering Director, and 
F. A. RENNlNGER, Geolog'ist National Crushed Stone Association 

Pavement skid resistance is one of the major problems facing 
the highway engineer today. During the past fifteen years tbis 
problem has generated increased concern, and considerable 
time a nd eHorl have been expended seeking a, solution. U11for­
tw1ately during this same period the cru:bonate aggregates 
have become almost synonymously associated with pavement 
slipperiness. The data demonstrate the variability 011 compo­
sition and performance of lhe agg1·egates included within this 
broad tt-ade classification . The ::;kid resistant properties of 
the carbonate aggregates are shown to be dependent on a dif­
ferential rate of wear between their constituent minerals and 
to vary directly with the amount of insoluble sand size mate­
rial incorporated within the aggregate. 

•SKID RESISTANCE has long been recognized as one of the signilicant properties of any 
highway surface. The highway engineers of 40 and 50 years ago were concerned wiU1 
such problems as slippery brick, stone block, and poorly designed asphaltic surfaces. 
With the introduction of portland cement concrete pavements and better designed bitu­
minous surfaces, this problem was felt to have been eliminated. However, as the vol­
ume and speed of the nation's traffic increased, even these pavement types did, in 
some instances polish and be ·ome excessively slippery (1). 

Some 30 years ago Moyer (2) noted that certain aggregates displayed a tendency to 
polish und r U1e ituluence or trailic, but it has been only dw·ing the past 15 years that 
a.ny real concern reg, rding th polishing of highway aggregate materials has been ex­
pressed. During this period it has been well substantiated that pavement skid resis­
Lance is a function of the aggregate material incorporated within the surface. It was 
found that some aggregates polished more readily, or to a greater degree, than others. 
Apparenlly, therefor , the polishing t.endency or a given aggregate is one of its dis­
tinct physical properties and as such must be dependent on some characteristic of that 
material. The mos obvious characteristic of an aggr gate which might impart such a 
physical properly would be its petrology, or mineral assemblage. Aggregates com­
posed of the harder minerals might be expecled to polish at a somewhat slower rate 
that U1ose com posed of the softer min rals . Both, however, might be expected, in 
time, to produce similar highly polished surfaces. Aggregates composed of minerals 
possessing varying degrees of hardness could be expected to display differential polish­
ing, that is, the softer materials would polish more rapidly than the harder, leaving a 
somewhat rough, uneven, and p ssibly nonskid surface. The British (3, 4) have done 
some outstanding work regarding the polishing tendencies of highway aggregate mate­
rials and their related petrology. Their work has essentially verified the foregoing 
statements. In 1959, Maclean and Shergold (3) stated the following conclusion: "The 
petrological characteristics that determine whether a stone wm polish r not uncle1· 
pneumatic tyred traIIic are not yet known, but il is suggested thal one important cha.r­
acte1•istic of ro ks that remain rough is th presence of two minerals hat have a on­
siderable difference in their resistances to wear." This work was followed by that of 
Knill (±), who in 1960 conducted a rather complex investigation of the dependence of an 

Po.per spnnssnrc,rl by Gonuni ttee on Mineral Aggregates . 
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aggregate' s ability to resist polishing on its petrology. She broke the common highway 
aggregates into several petrologic groups and studied each group separately. The gen­
eral conclusions of this study were that 

In the igneous rocks, those petrological features which probably 
affect P (polished stone coefficient) most readily are a variation 
in the hardness between the minerals, and the proportions of 
soft minerals present. Rocks in which cracks and fractures are 
present in the individual mineral grains generally have higher 
P since such grains are weak and pluck out of the matrix. Finer­
grained allotriomorphic igneous rocks, provided they are rea­
sonably fresh, present a tough, cohesive surface which polishes 
considerably. Sedimentary rocks are variable in their behavior. 
The Gritstones give a uniformly high P since hard crystals and 
lithic fragments pluck out of a generally soft and friable matrix. 
The flints being of simple mineral composition, cryptocrystal­
line and of uniform hardness polish and have a low P. The Lime­
stone group has an average P of about 0.4. Higher coefficients, 
in this trade group, appear to be related to the presence of an 
insoluble residue (especially if such residue is quartz), and to 
the presence of coarsely crystalline patches of carbonate. The 
metamorphic rocks tested included members of the Quartzite and 
Hornfels groups. The intermediate value of P in the Quartzite 
group is due to the presence of altered feldspars and shattered 
grains of quartz and quartzite plucking out of a more resistant 
matrix. However, those quartzites which have recrystallized 
to form a voidless quartz mosaic can be expected to polish con­
siderably. The polishing of the hornfels is possibly the result of 
fine grain size and the presence of a high proportion of miner­
als whose hardness is greater than 5 on Moh' s scale, but these 
observations are based on only three specimens. 

The matter of differential hardness seems to be emphasized in the foregoing comments 
and could conceivably be the controlling factor with regard to aggregate slipperiness. 

Carbonate rocks, both limestones and dolomites, form the bulk of the highway ag­
gregates used in this country. Since they are the predominant rock type in most areas, 
it is economically desirable to make as much use of them as possible. However, dur­
ing the past 15 years carbonate aggregates have become associated with pavement slip­
periness, and their use in the surface course of pavements has been either completely 
restricted or severely limited in many areas. That many carbonate aggregates do 
polish and do develop excessively slippery surfaces cannot be denied; however, there 
are many which have excellent nonskid properties. Limestones and dolomites encom­
pass a wide range of individual rocks and as such might be expected to display many 
differences with regard to their polishing characteristics. The British investigations 
indicated that limestones as a group possess low to intermediate or satisfactory resis­
tance to polishing. Investigations during the past several years at the National Crushed 
Stone Association's laboratory have indicated that aggregate materials bearing the gen­
eral name "limestone" have developed pavement surfaces varying from excessively 
slippery to exceedingly nonskid. Corrective measures which will insure the maximum 
use of even the most polish-susceptible carbonate aggregates have been reported by 
Gray and Goldbeck (5) in 1959 pertaining to bituminous-concrete pavements, and by 
Gray and Renninger l§) in 1963 pertaining to portland cement concrete pavements. 
However, there still exists a need for determining before actual use, or proposed use, 
the probable skid resistant properties of carbonate aggregates. In 1960 Gray and 
Renninger (7) presented the results of a preliminary investigation pertaining to the 
petrologicaCcharacteristics of carbonate aggregates which apparently are responsible 
for their behavior with regard to polishing under the action of traffic. This paper is 
an extension of that initial work and includes the results of that first work as well as 
that of subsequent investigations. 
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CARBONATE ROCK DEFINED 

Before proceeding further it may be well to establish the meaning of the term lime­
::;i.une, at; 11ur111aily used in the .iliiiH::ra.l a~g.i·cgaLc;::; lutlust.i.'y. The tcrr11 is gcner~lly 
used to identify all carbonate aggregate materials with little, if any, distinction being 
made between the numerous types of true limestones and dolomites included within this 
broad category. 

Geologically, true limestone is a sedimentary rock, the carbonate portion of which 
is composed essentially of the mineral calcite (CaCO3) and in which the carbonate frac­
tion exceeds the noncarbonate constituents. The term dolomite should be reserved for 
those carbonate rocks in which the carbonate fraction is composed primarily of the 
mineral dolomite (CaMg [ CO 3 J2), Since most dolomites are postdepositional replace­
ments of limestones, a complete series of rocks can exist between the two extreme 
compositions. In addition, both limestones and dolomites may contain up to 50 percent 
of some noncarbonate impurities. Materials such as clay, quartz, chert, chalcedony, 
pyrite, and feldspar may be included within the makeup of a particular carbonate aggre­
gate. The foregoing definitions suggest the probability of the occurrence of a great 
number of individual carbonate rock varieties which could vary considerably in their 
mineral composition and relative Moh' s hardness characteristics. Therefore, it is 
reasonable to expect these carbonates to possess significantly differing polishing char­
acteristics. 

DESCRIPTION OF TESTING PROGRAM 

Since differential hardness was believed to be the controlling factor with regard to 
a given carbonate aggregate' s susceptibility to the polishing action of rubber-tired traf­
fic, several carbonates possessing noncarbonate fractions of widely differing amounts 
and of divergent mineralogies were chosen for study. During the past four years, four 
separate investigations have been conducted with both portland cement and bituminous 
concretes. Unfortunately, however, during this same period the laboratory apparatus 
used to measure the skid resistance of the various test surfaces underwent a gradual 
transition making it impossible to correlate results directly from one group of tests 
to another. The information obtained, though, was still relative within any given group 
and the factors controlling skid resistance can be expressed. For this reason, each of 
the four test series is described and discussed separately, but the results common to 
all are explained. 

Test Series No. 1 

The polishing characteristics of five dissimilar carbonate aggregates were studied 
in bituminous concrete surfaces. The aggregate gradations and mix compositions are 
given in Table 1. Each mix was designed by the Marshall procedure (ASTMD 1559) 
and complied with the specifications applicable to the area from which the sample was 
obtained. Both coarse and fine portions of the aggregates were derived from the same 
parent rock. 

Test Series No. 2 

Three carbonate aggregates in the form of manufactured stone sand were studied in 
portland cement mortar surfaces; the aggregate gradations are given in Table 2 and the 
mortar batch quantities in Table 3. Each mortar was designed to have the same prop­
e rties as a mortar which would be worked to the surface during the normal finishing 
operations of a portland cement concrete pavement. They were designed with sufficient 
water and entrained air to yield, when combined with the correct amount of 2 in. to No. 
4 coarse aggregate, paving concrete having 3 to 6 percent entrained air, and a slump of 
approximately 2 in. 

Test Series No. 3 

The polishing characteristics of eight carbonate aggregates in the form of manufac­
tured stone sand were studied in portland cement mortar surfaces designed in a manner 
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TABLE l 

AGGREGATE GRADATION AND BITUMINOUS MIX COMPOSITION-TEST SERIES NOS. l AND 4 

Gradation: Total 
ldentHi- Percent Passing: Asphalt SJlpperiness 

cation Content (wheel angle deg) Y2In. 3/e In. Y"' In. No,4 No. 8 No. 10 No. 20 No. 30 No. 40 No, 50 No. 80 No. 100 No. 200 (i1 

(a) Test Series No. 1 

1-A 100 99 83 64 21 11 0 6. 5 52 
1-B 100 90 60 42 18 9 G 5.3 51 
1-C 100 90 60 42 18 9 6 5. 5 79 
1-D 100 95 66 46 18 11 G 6. 5 39 
1-E 100 95 75 50 17 10 7 6. 5 89 

(b) Test Series No. 4 

1-B 100 90 60 42 18 6 5. 3 48 
4-A 100 64 40 18 13 10 8 6. 0 75 
4-B 100 94 41 20 16 10 8. 0 48 
4-C 100 73 34 17 6 4 5. 0 64 
4-Da 100 85 29 16 10 7 8. 0 57 

asheet asphalt mix; aggregate Less filler added to make grading here was tesled in portland cement mortar. 

TABLE 2 

AGGREGATE GRADATION AND CERTAIN PHYSICAL PROPERTIES-TEST SERIES NOS. 2 AND 3 

Gradation: Specific 

Identification 
Total Percent Passing: Fineness Gravity Absorption 

Modulus 
No. 4 No. 8 No.16 No. 30 No. 50 No.100 No. 200 Bulk dry Apparent 

(a) Test Series No. 2 

2-A 100 56 28 13 5 3. 4 2. 98 2. 67 2. 72 
2-B 100 97 62 39 22 11 4, 9 2. 70 2. 68 2. 72 
2-C 100 96 56 31 17 8 5. 9 2. 92 2. 65 2. 73 

(b) Test Series No, 3 

3-A 100 83 39 20 11 6 3.1 3. 41 2. 60 2. 77 
3-B 100 98 61 37 21 10 5. 0 2. 74 2, 58 2. 72 
3-C 100 91 72 37 15 8 6. 1 2. 77 2. 63 2. 72 
3-D 100 99 66 31 16 9 6. 7 2. 81 2. 74 2. 82 
3-E 100 92 59 34 18 8 4. 0 2. 89 2. 68 2.72 
2-A 100 56 28 13 5 3. 4 2. 98 2, 67 2. 72 
2-C 100 96 56 31 17 8 5. 9 2. 92 2. 65 2. 13 
1-D 100 75 51 32 19 8 4, 8 3. 15 2. 68 2, 74 

TABLE 3 

PORTLAND CEMENT MORTAR BATCH QUANTITIES-TEST SERIES NOS. 2 AND 3 

Design Cement Actual Batch Aclual Cement Identification 
Factor (sk/cu yd Proportions (lb/cu yd of conc.)8 

Factor 
o! conc.)a 

Cement Waterb Carbonate Sand 
(sk/cu yd)" 

(a) Test Se des No. 2 

2-A 6. 0 560 230 1,090 5. 95 
2-B 6. 0 570 235 l,045 6,07 
2-C 6. 0 570 235 l, 090 6. 09 

(b) Test Series No. 3 

3-Ad 6. 0 540 223 l, 136 5. 75 
3-B 6. 0 560 231 994 5. 95 
3-C 6. 0 568 235 1,036 6. 04 
3-D 6. 0 563 233 1,080 5. 99 
3-E 6. 0 566 234 1,084 6. 02 
2-A 6. 0 550 227 1,072 5. 84 
2-C 6.0 565 234 1,078 6. 02 
1-De 6. 0 569 257 1,164 6. 05 

a Based on paving concrete containing 2 in. -No. 4 corase aggregal~. 
hNet water content; does not include water for absorption o! aggl"cpltes. 

Actual Water Actual Water-
Conl on[ Cement RaUo 

(gal/cu )'tlf•b (gal/sk)"• b 

27.8 4. 67 
26.3 4. 66 
26. 4 4. 66 

26. 8 4. 66 
27. 8 4. 67 
28. 2 4. 67 
27, g 4. 66 
28, I 4. 67 
27. 3 4. 67 
28. 0 4. 65 
30. 8 5. 09 

CAir content expressed as air content of equivalent concrete mix; calcuJaled from measured air content or mortar. 
dAir content too highj U1ere(ore cement factor and water content too low. 
€Afr content too low; water content too high; result of hand mixing. 

(i) 

0. 76 
o. 61 
Lll 

2. 44 
1. 87 
1. 29 
1.00 
0.63 
0. 76 
1.11 
0. 76 

Air 
Content Slipperiness 

(%)c (wheel angle deg) 

4. 9 48 
3. 8 57 
3. 8 60 

6. '/ 56 
4. 9 66 
4. 2 81 
4. 0 68 
4. l 61 
5.8 49 
4. 4 67 
2, 8 40 

identical to that previously described. The aggregate gradations are given in Table 2 
and the mortar batch proportions in Table· 3. 

Test Series No. 4 

The skid resistant properties of five carbonate aggregates were investigated. Four 
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TABLE 4 

AGGREGATE GRADATION AND PORTLAND CEMENT 
MORTAR BATCH QUANTI'T'mS 

Aggregate Gradation 

Total percent passing: 
No. 4 
No. 8 
No. 16 
No. 30 
No. 50 
No. 100 
No. 200 

Fineness modulus 

Specific gravity 
Bulk dry 
Apparent 

Absorption (%) 

Portland cement mortar batch quantities 

Design cement factor (sk/cu yd of cone.? 

Actual batch proportions (lb/cu yd of cone. )a 
Cement 
Waterb 
Carbonate sand 

Actual cement factor (sk/cu yd)a 

Actual water content (gal/cu yd)a, b 

Actual water-cement ratio (gal/sk)a,b 

Air content (%JC 
Slipperiness (wheel angle deg) 

4-D 

100 
81 
42 
22 
12 

7 
5. 4 

3. 36 

2.63 
2.69 

0.85 

6.0 

568 
235 

1, 196 

6.04 

28.2 

4.67 

4.2 

54 

aBased on paving concrete containing 2 in.-No. 4 coarse 
aggregate. 

bNet water content; does not include water for absorp­
tion of aggregates. 

CAir content expressed as air content of equivalent con­
crete mix; calculated from measured air content oi' mortar . 

were studied in bituminous-concrete surfaces and the fifth in both a sand-asphalt and a 
portland cement mortar surface. The portland cement mortar surface was designed as 
those described previously, whereas the bituminous surfaces were designed in accord­
ance with the specification applicable to the particular areas from which the aggregates 
were obtained. The aggregate gradations and bituminous mix compositions are given 
in Table 1, and Table 4 indicates the aggregate characteristics and batch quantities 
of the one aggregate tested in portland cement mortar. 

After placement in the NCSA Circular Test Track (described in the March 1959 is­
sue of the Crushed Stone Journal) the bituminous mixtures were initially rolled with a 
heavy steel roller and then with a pneumatic tire roller. The podland cement mortar 
surfaces were hand-finished with a wooden float and allowed to cure under a covering 
of damp burlap for a period of 28 days. Following this initial treatment both the bitumi­
nous and portland cement surfaces were subjected to thousands of passes of a wheel 
equipped with a rubber tire. Initially, water and a fine siliceous sand were placed on 
the test surfaces as an aid to the tire in wearing away the surface binder (either as­
phalt or portland cement paste) and exposing the aggregates. Once the aggregates wes.·e 
exposed the surfaces were cleaned and .dried. To polish the exposed aggregate particles 
t.he traffic was continued usin~ only the rubber tire. 



23 

DETERMINATION OF SLIPPERINESS 

At appropriate intervals throughout the duration of each test series measurements 
of the skid resistance of the various test sections were made with the NCSA Slipperi­
ness Testing Apparatus. A description of the present device and the operating proce­
dure employed are given in the Appendix. Unfortunately, as mentioned previously, the 
Slipperiness Testing Apparatus underwent a period of transition during the tenure of the 
tests. The present apparatus was used to determine the skid resistance of those test 
sections comprising Test Series Nos. 2, 3, and 4. The same device, somewhat modi­
fied, was used during the conduct of Test Series No. 1. In place of the rubber strip on 
the present tire a portion of the original tread was left intact, the weight assembly 
(driving force) was somewhat heavier, and the tire rim was of a lighter design. These 
differences· in design result in a wider spread, and g nerally higher values of wheel an­
gle readings for the Test Series No. 1 surfaces. Both wheels have been found to cor­
relate well with large-scale stopping-distance vehicles at various times; however, their 
measurements, due to tire wear, should be interpreted only as relative within a given 
series of tests. For these reasons no attempt has been made to correlate results from 
one test series to another. A continuous calibration of the device, during any one test 
series, was maintained by periodic tests on ground glass plate "standards of slipperi­
ness." 

This work was completed before the time the British Portable Skid Tester was com­
mercially available. The British Tester which is presently employed in the NCSA lab­
oratory has been found to correlate fairly well with the Bicycle Wheel Apparatus during 
any specific test series. 

RA TE OF POLISH 

Certain carbonate aggregates polish quite rapidly with the a pplication of very little 
traffic whereas others do not polish or polish very slowly during even extended periods 
of traffic application. This statement is amply supported by Figures 1 through 4 which 
depict the polishing rates of the various carbonate aggregates studied under each of the 
four test series. Several years ago questions were raised concerning the criteria or 
method needed to determine when this polishing traffic should be stopped. Ordinarily 
tests of this nature had been discontinued when the polishing rate curve became essen­
tially horizontal. This normally occurred between 40, 000 and 60, 000 passes of the 
rubber tire. The assumption in the past was that at such a point a more or less static 
condition of slipperiness had been reached; however, this assumption had never been 
verified. To justify the stopping of the tests at such a point the polishing traffic applied 
to the surfaces constituting Test Series No. 1 was purposely continued well beyond the 
leveling -oil point. Figure 5 shows thal very little additional polishing was achieved 
once th leveling occurred at aboul 40,000 passes of the wheel. The use of the wheel 
angle readings obtained at th leveling-oil point, 40,000 passes in this case, as a meas­
ure of the ultimate skid resistance of the various test surfaces was enhanced by the fact 
that these values all lay within one standard deviation of the values obtained after ex­
tending the traffic an additional 55, 000 passes. The dotted bands in Figure 5 are the 
standard deviation limits of the readings made after 95, 000 passes of the wheel for 
each of the test sections shown. 

METHOD OF STUDYING CARBONATE ROCK CHARACTERISTICS 

Since the polishing characteristics and the ultimate level of skid resistance attained 
by carbonate aggregates were believed to be dependent on some definite physical prop­
erty or properties of the aggregate in question, a systematic proc dure had to be de­
veloped to dete rmine the basic properties of these materials. The individual samples 
studied were representative of stockpiles of commercially produced stone including ma­
terial from the entire working face of the various quarry operations. After some ex­
ploratory tests, the following procedure was adopted: 

1. Samples of each aggregate, representative of their respective gradations as 
used, in either the bituminous concretes or portland cement mortars, during the skid 
resistance studies, were selected. 
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2. Each of the samples was reacted with a dilute solution of hydrochloric acid until 
the carbonate minerals had been fully digested. 

3. The residue remaining after the acid leaching was filtered, washed, dried, and 
weighed, and the percentages of total carbonates and insoluble residue calculated. 

4. The insoluble r sidue was then tested for grain-size distribution using ASTM D 
422, Grain Size Analysis of Soils (Tentative), and for specific gravity by ASTM D 854, 
Specific Gravity of Soils. 

5. An approximate determination of the mineral composition of each insoluble resi­
due was made under a low power binocular microscope. 

The results of the insoluble residue determinations and the grain-size analyses of 
those residues, Tables 5 and 6 indicate, to some extent, the heterogeneous nature of 
carbonate rocks as a group. A classification of the insoluble residues as percentages 
of the total aggregate, using a soils classification of sand size, silt size, and clay size, 
is also given. The insoluble residue coarser than the silt fraction, that is, greater 
than 0.05mm, was studied microscopically in an effort to describe the accessory min­
eral composition of each carbonate aggregate under study (Tables 5 and 6). 

INFLUENCE OF CARBONATE ROCK CHARACTERISTICS ON SLIPPERINESS 

The results obtained for the group of aggregates in Test Series No. 1 (the initial in­
vestigation previously reported by Gray and Renninger in 1960) are discussed in some 
detail and the results of the remaining three test series are used to substantiate the 
original conclusions. However, despite the fact that skid resistance is expressed as 
a bicycle wheel angle in each case, the interseries results should not be directly cor­
related with one another on that basis. As explained earlier, the NCSA Slipperiness 
Testing Apparatus underwent some change during the conduct of these investigations 
and the results are relative only within any one given series of tests. 

Test Series No. 1 

Carbonate agg reg~-1.le 1-C which pr vecl to be quite slippery was a siliceous carbonate 
containing ap1)r ximately 25 percent acid insoluble residue, 40 percent of which (i.e., 
10 percent of the total rock) was composed of extremely fine material, 0.05 mm or less 
in diameter. Carbonate aggregate 1-E, the most slippery of the five aggregates in this 
test series, possessed the smallest percentage of acid insoluble residue. Two-thirds 
of its 9 percent residue was composed of material of the silt and clay size range, i. e, 
less than 0.05 mm in diameter. Therefore, of the two aggregates which proved to be 
the most slippery in this series of testB; onP. had a low residue percentage, whereas the 
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ldent1hcat1on 

1-A 

1-8 

1-C 

1-D 

1-E 

2-A 

2-8 

2-C 

3-A 

3-8 

TABLE 6 

IDENTIFICATION OF AGGREGATE BASED ON MINERAL COMPOSITION 

A flflNlKi m~ t.n 
Pt:.:n..: i::m. i, .. uuu . ·•-·,~·"' '" .. ,. _ Approximate 

!11.11\.c:..!. H!..!~~~ 
Mineral Composition Mineral Composition 

(a) Test Series No. (c) Test Series No. 3 (cont'd. ) 

Carbonates 58 3-C Carbonates 95. 7 Carbonate sa 
Quartz 17 Insoluble residue 4. 3 
Mica minerals 11 Arenaceous carbonate Almost entt rely finely divided quartz 1 

Feldspar 10 and clay or clay-like material, me-
Clay or clay-like material dium to dark grey, with trace amounts 
Carbonaceous material ofan iron-bearing mineral, probably 

Carbonates 64 
limonite, and minor amounts of 

Quarlz 10 Mica rich siliceous 
both biotile and muscovite mica. 

Mica minerals 26 carbonate 3-D Carbonates 96. 0 Carbonate sa 
Magnetite Trace Insoluble residue 4. 0 

Carbonates 75 Primarily clay or clay-like ma-

Quartz Grey siliceous terial, with minor amount of dis-

Mica minerals 25 carbonate cernible quartz particles showing 

Clay or clay-like material an iron slain; trace amounts of py-
rite, mica, and an iron mineral, 

Carbonates 52 probably limonite. 
Quartz 47 Arenaceous carbonate 3-E 84. 2 Mica minerals Carbonates Siliceous 

Carbonaceous material Insoluble r esidue 15. 8 Carbonate i 
Appreciable amounts of quartz and 

Carbonates 91 clay or clay-like material, with 
Insoluble residue 9 Grey carbonate minor constituents including chert, 

(Too fine grained to distinguish pyrite, magnetite, and probably 
under 30x) limonite. 

(b) Test Series No. 2-A See 2-A, T est Series No, 

Carbonates 85. 2 Siliceous 2-C See 2-C..:, Test Series No, 
Acid insoluble residue 14. 8 carbonate 

Primarily discrete partic les of sand 
quartz resembling a fine beach 1-D Carbonates 51 . 9 Arenaceous 
sand, with minor amounts of Insoluble r es idue 48. I carbonate 
clay or clay-like material and a Almost entirely discrete quartz 
trace amount of biotite mica, particles with trace amounts of both 

Carbonates 85 . 0 Siliceous 
biotite and muscovite mica; resem-

Acid insoluble residue 15. 0 carbonate 
bles a Cine beach sand. 

Appreciable amounts of quartz, sand 
(d) Test Series No, 

clay or clay-like material, with 
minor constituents includJng 4-A Carbonates 86. 2 Silic eous 
chert, pyrite, magnetite and 

Insoluble r esidue 13. 8 carbonate 
some limonite, 

Light grey, fine-grained quartz 
Carbonates 83. 7 Siliceous particles a nd a clay-like material 
Acid insoluble residue 16. 3 carbonate with trac e amounts of iron (limonite). 

Very small quartz particles, sand 
57. 4 Arenac eous 30 to 40 percent clay or clay- 4-8 Carbonat es 

like material, with trace Insoluble residue 42. 6 carbonate 

amounts o( mica. Light to dark grey quartz particles 
and what a ppears to be detritus 

(c) T est Series No. from an acidic metamorphic rock 
containing feldspar, quar tz, mica, 

Carbonates 94. 4 Carbonate sand and some dark-colored iron 

Insoluble residue 5. 6 minerals. 

Contains a considerable amount of 4-C Carbonates 92. 9 Ca rbonate 
siliceous fossil replacements and Insoluble residue 7. I 
clay or clay-like material, with Dark grey, fine-grained quartz 
discrete particles of both quartz and a clay-like material, with 
and magnetite also evident; many some limonite and probably dark-
particles sub- to well-rounded in colored carbonaceous material. 
shape. 

4-D Carbonates 63.9-64.3 Cherly 
Carbonates 97. 5 Carbonate sand Insoluble residue 35. 7-36.1 carbonate 
Insoluble residue 2. 5 Light to medium grey chert 

Primarily sharp, angular chert and quartz with some minor 
particles resembling quartzite, amounts of clay, cherl1 occur-
and discrete quartz particles, with ring in coarser fractions and 
trace amounts of pyrite. quartz in the finer sizes. 

1-8 See 1-B. Tes t Series No. 2 

second contained an appreciable amount of residue. Therefore, the residue content 
alone does not control the skid resistance of a carbonate aggregate. However, both of 
the foregoing aggregates had one factor in common. The grain-size distribution of the 
residues of these two agg-regates (Table 5) indicates that appreciable amounts of both 
residues are less than 0.05 mm in diameter, i.e., both are composed essentially of 
silt and clay size material. These same data also serve to indicate that this very fine 
siliceous material does not effectively contribute to aggregate skid resistance. 

Aggregates 1-A and 1-D were arenaceous carbonates and both developed surfaces 
possessing good skid resistance. Aggregate 1-A contained 42 percent acid insoluble 
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residue which was composed primarily of sand size (0.05 to 2.0 mm) grains of quartz, 
mica, and feldspar. The residue content of aggregate 1-D was 48 percent and was com­
poseci almost entirely of sand size grains of quartz. From these results, it would ap­
pear that the amount of acid insoluble residue does influence, but not control, the pol­
ishing characteristics of carbonate aggregates. There is evidence that the sand-size 
grains of the residue effectively contribute to the ultimate skid resistance of a carbo­
nate aggregate. It might be expected that a carbonate aggregate having a residue con­
tent of 48 percent, most of which was sand size particles of quartz, might have the 
appearance of a coarse sandpaper, providing the carbonate fraction was sufficiently 
soft and capable of being worn away to expose the quartz particles. Actually, aggre­
gate 1-D had just such an appearance after being subjected to the rubber tired traffic. 

Aggregate 1-B, which also possessed good nonskid properties, was noticeably dif­
ferent from eith!!)r sample 1-A or 1-D. The acid insoluble residue content of this ag­
gregate was 36 percent but consisted primarily of the mica minerals with some quartz. 
The grain-size distribution of the residue was, however, quite similar to that of aggre­
gate 1-A and the skid resistance of the bituminous-concrete surfaces containing these 
two aggregates was ve ry nearly the same despite the fact that the residue of aggregate 
1-B was composed essentially of the mica! minerals, a rather unusual occurrence for 
the average carbonate rock, which is one-half to one point softer than carbonate ma­
terial on the Moh scale of hardness. It would seem, therefore, that the polishing char­
acteristics of carbonate aggregates are not indicated solely by the hardness of the min­
erals comprising the aggregate, but rather by a differential in the hardness of the 
mineral constituents. The foregoing statement made as a result of these studies finds 
support through the works of other investigators. The work of Maclean and Shergold (3) 
and that of Knill (4) have resulted in similar findings. -

It is, however,- questionable whether differential hardness in itself is the essential 
property since the results of this initial study also tend to indicate that it is a combina­
tion of differential hardness, amount of acid insoluble residue, and the grain-size dis­
tribution of that r esidue which seems to govern the polishing characteristics of carbo­
nate aggregates. Certainly the presence of even appreciable quantities of hard minerals 
in the silt and clay size range does not impart nonskid prope rties to carbonate rock as 
evidenc ed by the r esults obtained with aggregate 1-C in which appreciable quartz is 
present in these sizes. 

Sin c e the results of this initial investigation seemed to define the physical properties 
necessary to a nonskid carbonate aggregate, and since the plot of bicycle wheel angle 
or degree of slipperiness vs the percent insoluble sand size material (0.05 to 2.0 mm), 
Figure 6, showed such a high degree of correlation it was felt some supporting data 
should be developed. Test series Nos. 2, 3, and 4 were conducted with this in mind. 

Test Se ries No. 2 

The three aggregates studied during this portion of the inve stigation were in the form 
of m a nufactured stone sands and were incorporated in portland cement mortars, the de­
sign properties of which were described earli e r and are given in Table 3. The three 
carbonate sands contained approximately the same amounts of acid insolubl e residue; 
howev e r, the grain-size distribution of these residues was noticeably diff e rent (Tabl e 
6). The skid resistance of surfaces containing these particular materials varied in­
versel y with their residue content s , further evidence that r esidue content alone is not 
the c ontrolling factor which dete rmines a given carbonate's nonskid properties. 

The acid insoluble residue of each of the three aggregate s was compos ed essentially 
of siliceous materials (Table 6) , which differe d primarily in their respec tive grain-size 
distributions. Fig ure 7 plots bicycle wheel angle or slipperiness vs the percent of in­
soluble sand size mate rial. The measured skid resistance can again be s een to vary 
directly with this particular aggr egate characteristic. 

T est Series No . 3 

This group of tests was essentially an extension of Test Series No. 2 and two of the 
agg~·egate s included were identical to two (aggr egates 2-A and 2-C) studie d in that 
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series. Aggregate 1-D, in the form of a stone sand, was also included for comparative 
purposes. The acid insoluble residues of the eight test aggregates again displayed a 
considerable variation in quantity and did not, as such, correlate with the skid resis­
tance of the test surfaces. The grain-size distribution of the eight residues varied 
noticeably from fine to coarse and it was again possible to correlate the insoluble sand 
content of each aggregate with the skid resistance displayed by its respective test sur­
face. Table 5 contains the pertinent information relative to the insoluble residues of 
the eight carbonate sands investigated and Figure 8 plots insoluble sand content vs skid 
resistance. 

Test Series No. 4 

The four carbonate aggregates (1-B, 4-A, 4-B, and 4-C) displayed the now typical 
variations in size distribution and amount of acid insoluble residue and skid resistance 
(Table 6). One aggregate, carbonate aggregate 4-D, was studied in both a sheet as­
phalt and a porUand cement mortar surface. No appreciable difference in the level of 
skid resistance attained by these two surfaces was recorded (Tables 1 and 4), which may 
be taken to indicate that the type of binding material has little, if any effect on the ulti­
mate skid resistance developed by a highway surface and that the aggregate comprising 
that surface is, in fact, the primary contributor to pavement skid resistance or pave­
ment slipperiness. Figure 9 plots the insoluble sand content of each aggregate and the 
measured skid resistance of their respective test sections made without regard to 
binder type. The degree of correlation of the data of this test series was somewhat 
lower than that of the previous three. The calculated correlation coefficient for Test 
Series No. 4 was 0.82 as compared with 0.98, 0.92, and 0.90 for Test Series No. 1, 
No. 2, and No. 3, respectively. 

GENERAL CONCLUSIONS 

Carbonate aggregates are a rather heterogeneous gr oup of materials and, as such, 
possess varied physical, mineralogical, and textural prope rties. These differences in 
turn control the various performance characteristics of the respective aggregate. Not 
all carbonate aggregates are expected to perform similarly in the many aggregate eval­
uation tests, nor are they expected to perform the same in portland cement concretes , 
bituminous concretes, and graded aggregate base courses. The variations present in 
the many types of carbonate rock determine their suitability for various uses. The 
rate at which carbonate aggregates polish under the application of rubber tired traffic 
and the ultimate level of pavement skid r esistance they are capable of maintaining is a 
performance characteristic which varies with the particular aggregate in question and 
is therefore related in some way to the basic properties of that aggregate. 

The data presented here have successfully related certain physical and mineralogical 
characteristics of carbonate rocks to their ultimate level of pavement skid resistance. 
The polishing rate and the ultimate skid resistance level of a given carbonate aggregate 
have been found to vary directly with the percentage of acid insoluble sand size material 
present in that aggregate. This dependence of skid resistance on insoluble sand content 
was displayed in each of the four test series discussed. Unfortunately, however, be­
cause of the limitations of our presentlaboratory methods of evaluating skid resistance, 
it was not possible to make an acceptable correlation from one test series to another. 

This work has been confined t o U1e s kid resistant properties of impure limestones, 
i.e . , thos e not of a chemical grade. Shupe and Lounsbury (8) have shown, however, 
that when dealing with relatively pure arbonate aggregates the skid resistance of bi­
tuminous mixtures containing those aggregates was dependent on the calcium carbonate 
or calcite content. That is, as the calcite content increases, the susceptibility to pol­
ishing also increases. No attempt was made during this series of tests to make such 
an evaluation, nor was the degree of crystallinity considered. The effect these prop­
erties might have on the polishing characteristics of impure limestones and dolomites 
was not established. Indications are, however, that as the dolomite content increases, 
so does the aggregate' s level of skid resistance, at least when considering low residue 
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carbonates. As the residue content increases, its size distribution evidently overshad­
ows these other characteristics, and is the primary skid resistance controlling prop-
·· ··'- · t::.11,.y. 

These data are presented with the hope that specifying agencies will consider 
some of the many basic differences which result in the varying performance character­
istics of carbonate aggregates. Blanket rejections of limestones for skid resistance 
purposes solely because they belong to this heterogeneous trade name group may re­
sult, in many cases, in the refusal to consider perfectly adequate materials. 
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Appendix 

DESCRIPTION OF PRESENT NCSA SLIPPERINESS TESTING APPARAT US 

The essential parts of the NCSA Slipperiness Testing Apparatus (Fig. 10) consist of 
a flexible outer frame which supports a rigid inner fram e by means of a loose fitting 
adjusting screw. The axle of the bicycle wheel rests in slotted supports which are a 
part of the inner frame and permit free vertical motion of the axle. The wheel is a 
heavy duty bicycle front wheel equipped with a 26 )( 2.125 tire with its normal tread re­
moved by a belt sander. A strip of rubber 1 in. wide by ¼ in. thick is cemented over 
half the circumference of the tire. The leading edge of this rubber strip which, during 
operation of the wheel, first comes in contact with the r oad surface, is tapered from 
full thickness to zero thickness over a distance of approximately 5 deg. Tire inflation 
pressure is 22 psi. 

Motive force for the operation of the wheel is provided by a weight consisting of two 
sections of ¾ -in. i. d. copper tubing about 8 in. long filled with lead and bent to an out­
side radius of 10 ¾ in. to fit the shape of the tire rim. The weight assembly is secured 
by two small bolts that extend through the two sections and press them tightly against 
the spoke nipples. The entire weight assembly weighs 1, 663 g and is centered approxi­
mately 50 deg from the leading edge of the rubber strip. 

In operation, initial adjustment is made so that when the rubber strip and the weight 
assembly are in a downward position the rubber strip is barely in contact with the pave­
m ent but the wheel is still supported by the axle. The wheel is then rotated 180 deg so 
that the rubber strip and the weight assembly are in their uppermost position. The 
wheel is locked in this position and it and the inner frame assembl y are lowered 1/12 in. 
by means of the adjusting screw. The wheei is then unlocked and rotates freely until 
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Figure 10. Slipperiness apparatus. 
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the rubber strip attached to the tire comes in contact with the pavement surface, thus 
raising the axle off its supports and permitting the tire to slide on the pavement surface 
until it is brought to rest by the forces of friction. 

For any repetition of tests, the angular momentum of the wheel at the instant of con­
tact between tire and pavement surface is the same and the energy expended is reflected 
in the angular distance through which the wheel turns after striking the pavement sur­
face. Thus, the angle through which the wheel rotates while the tire is in contact with 
a surface serves as a measure of its skid resistance. The wheel angle readings in­
crease as the skid resistance of the surface decreases. Usually an average of 24 read­
ings in different positions on the road surface is obtained. 




